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I Applications in power inverter

I 1. Applications in power inverter
1. Snubber, clamp, resonant, DC-link

I 2. Capacitor technologies
1. Electrochemical, electrolytic, film foil, metalized film

3. Equivalent model
4. Properties and specifications
5. Ageing
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Applications of capacitors in Inverter

1. DCfilter 1

1nF ... 220 uF K ZST K Zs—l— K 2§—|—0
I

2. DC Iink ==Cp 1 "ézg}
1 nF .... 3800 uF . . »—T _T_

3. Snubber o TC*J Ka7 KaT KaT 177
InF ..... 8 uF, Low inductance | - =

4. Output filter Epcos MKP FC Solar Inverters

1 nF .... 600 uF

5. Resonant
1 nF .... 600 uF, +/-2%

TGV input filter
1800VDC
8 mF

ABB traction Inverters
3 08.05.2014
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Q Resonant capacitor (Saugkreiskondensator)

(0 DC-link (Zwischenkreiskondensator)

ABB Lok2000 electrical design
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Resonant capacitors

industrial medium-frequency systems (resonant
converters)
e Frequencies between several hundred Hz and several
hundred kHz
e Relatively tight tolerances: often AC/C <2 %
=> exclusion of certain dielectrics
e Only constraints to take into account:
—voltage peak value (must remain smaller than Un)
—current rms-value (dielectric losses, ohmic losses)

I Used to tune series or parallel resonant circuits used in

»
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I Commutation capacitors (snubber)

I Deliver current pulses necessary to block thyristors
e Severe constraints, complex applied waveforms
e C(lassical thyristors disappear gradually replaced by GTO/IGCT
and IGBT. These active components do not need turn-off
__ commutation capacitors.
e \oltage continuous, rms and peak value (must remain smaller

than Un)
e Voltage variation rate (dielectric losses increase with high dv/
dt)
— constraints due to ohmic losses and frequency

e Current rms and peak value
e Reactive power (estimation of loss power using tand)

»
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I Capacitor technologies

I 1. Applications in power inverter
1. Filter, DC-link, Snubber, clamp, resonant

I 2. Capacitor technologies
1. Electrochemical, ceramic, electrolytic, film foil (MKV;), metalized film (MKP, MKT)

3. Equivalent model
4. Properties and specifications
5. Aging
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Electrochemical Double Layers Capacitors

Conventional capacitor

Dielectric
— +
v 2l ]

_ + C=¢gAd
W=1/2 CU*

- +
P=TU*4R

- +

- F Electrodes

Current Collectors

up to 3000 m? (porous film)
fix, ~10 A
fix, ~10

1-3V, electrolyte decomposition voltage
low, electrolyte

AC.O Q)P
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Electrolytic capacitors

Operating temperature: -55°C to 125°C
Polarized

Large tolerance +/- 20%

Presence of electrolyte

lonic low conductivity
At 100 Hz and 20°C

Tgd=wr,C= 66010* forC=38100 uF

7. High losses

-

Lifetime: U,, |, 85°C, 100’000 hours 1N NI NN \
Data from Epcos Large size EC \ )
3|
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Electrolytic capacitors

C . o o
1. Operating temperature: -55°C to 125°Cc [Case  [ESA. [ESRu [ESRw [low |[lics
100 Hz |dimensions |100Hz |100Hz [10kHz |10kHz |10kHz
. 20°C  [dxI 20°C -40°C (20°C [125°C |[125°C
2. Cmax: 27 mF, 25 VDC o fom R A v P
. Vﬂ = 63 V DC
3. Umax: 81 mF’ 63 VdC 2000 |22x40 |35 115 [19 95 | 64
o 2700 |25 x40 26 85 15 104 | 70
4. At 100 Hz and 20°C 3900 |25x50 |20 65 |12 132 | 90
y 5600 |30 x50 16 45 1 143 98
Tgo=wr,C= 66010* forC=8100 uF 8100 [35x50 |13 3B |11 146 100
Frequency factor of permissible Frequency characteristics of ESR Equivalent series resistance ESR Impedance Z
Typical behavi versus frequency f versus frequency f
ripple current |, versus frequency LH“ yplcaa 5 e KALDEA1-T Typical behavior for 3300 pF/55 V Typical behavior for 3300 pF/55 V
. " Bar00 ESR, I ” B41605 107! T ;::;‘;‘ 10" ooy KaLoRz9-H
% ESR e 125°C Q2 55 °C L Q F
AGSen — T 85°C ESR = z
. Bt
09 - s H T 1
08 o5 20°C 5 \ ) 10°
e N 2 LU |-40°c
0.7 E—A NPRTS b 20 ~ & - .
NN ey
0.6 ¢4 e |
d 15 N
05 NN N
04 3|mm] 22]25]30fas . TR 10" - §5°C
03 2:V blalala A\ 5 N 40°C
02 40V Jc|olala 05 \:‘~ 20°C
0 55V |d|c|bla ™ Il : %G
) 63V dlc|b|b 0 » =60°C —~ 102 - .:Gq ‘C.
007 5 10° 5 Hz 10° 10' 5 10 5 10° Mz 10 10 T 5102 510° 5610° Hz 10° 10" 5107 510° s510° He 10°
et | et | e | -

Data from Epcos Large size EC

http://www.garmanage.com 10

08.05.2014



Electrolytic capacitors

Operating Temperature -40°C to +85°C (10VDC to 250VDC)
Range -25°C to +85°C (350VDC to 500VDC)
Capacitance Tolerance +20% at 120 Hz, 20°C

WVDC | 10 | 16 [ 25 | 35 | 50 | 63 | 80 | 100 | 160 | 200 | 250 | 350 | 400 | 450 | 500
Surge Voltage

SVDC 13 | 20 | 32 | 44 | 63 | 79 | 100 | 120 | 200 | 250 | 300 | 400 | 450 | 500 [ 550

WVDC | 10 (16 [ 25 [ 35 | 50 | 63 | 80 | 100 | 160 | 200 | 250 | 350 | 400 | 450 | 500

Dissipation tand | 55| 5 | 45| 4 | 35| 3| 25| 2 | 5] 15 | 45 | 15 | 15 | 2 2

Factor
(120 Hz) For capacitance values above 33000pF (capacitance-33000 uF)*0.1
add the following to the Dissipation factors values above 10000 uF
Leakage Current Time 5 Minutes
@20°C, Rated WVDC | ;
applied INCV
Impedance WVDC 10 | 16 | 25 | 35 | 50 63 80 100 | 160 | 200 | 250 | 350 | 400 | 450 | 500
Ratio -25°CI+20°C | 4 4 4 4 4 4 4 4 3 3 3 3 8 8 8

(120Hz) | 4pcre20c | 15 (15| 15 |15 15| 15 |15 | 15 [ 15 [ 15 | 15 - - - -

2000 hours with rated voltage applied at 85°C with full rated ripple current applied

. Capacitance Change | <20% of initial measured value
Load Life Dissipation Factor =200% of maximum specified value
Leakage Current =100% of maximum specified value
1000 hours at 85°C with no voltage applied
Shelf Life Capacitance Change | <20% of initial measured value
Dissipation Factor =200% of maximum specified value
Leakage Current =100% of maximum specified value
Frequency (Hz)
wppocwrm [t Lo P Tl
Multipliers 160 to 250 0.8 | 10 [ 1.15 | 147
350 to 500 08 [ 10 [115] 147

Data from lllinois LBA 47 to 47°000 uF
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Ceramic capacitor

Temperature Coefficient

Data from AVX

Parameter/Test X5R Specification Limits Measuring Conditions
Operating Temperature Range -55°C to +85°C Temperature Cycle Chamber o)
Capacitance Within specified tolerance 4
< 2.5% for = 50V DC rating Freq.: 1.0kHz + 10% 5
ecinats < 3.0% for 25V DC rati Voltage: 1.0Vims + .2V
LT < 12.5% Max, for 16V DG rating and lower For Cap > 10 L, 0.5Vims @ 120Hz g
Contact Factory for DF by PN O
R i — 10,000M(2 or S00M(2 - pF, Charge device with rated voitage for <
whichever is less 120 + 5 secs @ room temp/humidity ¥
Charge device with 300% of rated voltage for
Dielectric Strength No breakdown or visual defects 1-5 seconds, w/charge and discharge current
limited to 50 mA (max)
- 60 -40 -20 0 +20 +40 +60 +80

Temperature °C

Data from Epcos Ceralink (Antiferroelectric)

C/'V (uF'em3)
12 F . ; .

typical values
10 ©

MLCC

8|

6 The peak can be

. L adjusted according to the

Other capacitors 4 customer requirements
have comparatively y change of ceramic
low cap densities A R recipe and design.

0L, . \ A =

0 100 200 300 400 500 U
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Ceramic capacitor

Data from Epcos

. http://www.garmanage.com
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Film foil capacitors

Metal

Dielectric

e Typical 5 um Aluminum foil + multi-layer
of PP and/or PA and/or PET films

* Oilimpregnation

* Very low losses

* In DC must be protected with fuses
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Metalized film capacitors

e Dielectric film with a 100 nm
layer of metalization deposited
on the surface

* Metalization of Zn, Al or Zn-Al

* Heavy edge to increase the
contacting

* Segmentation or profile of the
metalization to improve the
safety

* Qil, gas or dried execution

Selfhealing: capability of disconnecting
area around a breakdown. The metalization
is evaporated by the shortening current
until the available energy is big enough.
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Metalized film capacitors

40 —
0.0 X |
40 it

8.0 :

E‘ -8.
25
O 120 T —e—280 Viym and 70 CP‘-\%\
O -160 T ------- weibull 280
< -20.0 +— e=f==In Situ 200 V/pm \\\
240 +— —«—InSitu 240 V/pym \‘ —
-28.0 \\-
-32.0
0 10000 20000 30000 40000 50000

Time [Hours]

TGV input filter 1800 V, 8 mF
e Capacitance loss
e Metalized film
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Comparison

160 0.50
140 ' 0.45
= Loss density [mJ/cm3] 0.40 &=
ElZO —&—Energy density [J/cm3] 0.35 E
100 >
= 0.30 E.
£ 80 025 @
c ()]
a 0.15 =
o 40 g
= 0.10 &
20 0.05
0 0.00
N ) 2 =N\ 9 &
Ny ° ~L—’°‘? o é’t o\*&\ «”’@\
R Nt ¢ 2
) <
Technology
Energy Current Loss
density density density  Voltage Current Rs Tmax [°C] /L Volume
[J/cm3] [A/cm3] [mJ/cm3] [Vdc] [A] C[mF] [mOhm] Tg[1] [H] [em3] Réf
MKK-oil 0.32 0.009 1.8 2700 320 3 0.6 0.0002 75/ 150'000 33941 B25750H1698K004
MKK-gas 0.25 0.006 1.3 4000 290 1.4 0.7 0.0001 75/ 150'000 45161 B25650H4148K004
MKK-resine 0.16 0.014 2.4 800 350 125 0.5 0.0001 70/ 100000 25500 B25640D8129K000
MKV 0.02 0.052 6.2 4000 80 0.004 1.5 0.0002 1539 B25856K2405K003
Electrolytic 0.33  0.303 57.6 63 14.6 8.1 13 0.6 125/ 2000 48 B41605B8818M00
Ceralink PFBB
Ceramic 0.48 0.119 23.8 400 2 0.1 100 0.1 85 17 Hyp: 2A
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Domain

0? 4 Tension (kV)

5

2
10

MSg S<=E=-

1 i VI -
N NS e > " ; '_ ,‘. :',
IR E & ey e T ey o
g ‘ 1,4
m ‘ '
. I
2
T T - T —
10 1072 10" 1 10 10°
Courant / Capacité [ A /iF)
condensateur électrolytique ( § 2.6 )
condensateur élactrolytique par montage série-paralléle { § 2.6 )
condensateur film polyester, métallisé sec | § 2.52 )
condensateur céramique multicouche,sec{ § 2.1)
condensateur au polypropyléne, métallisé sec( 5 2.512)
condensateur au polypropyléne, métallisé imprégné (§2.5612)
et condensateur au papler métallisé imprégné ( § 2.42)
condensateur au papier avec armature, imprégné ( § 2.41)
condensateur mixte ( papier et film ), imprégné ( § 2.51)
condensateur céramique HT ,sec( $2.1)

Technique de I'ingénieur, D3280, Gérard Mouries
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Voltage

00 kV +
Power
.. capacitors
10 kv +
1kv |
! Tantalum capacitors
with solid electrolyte
100V +
v T : Double-layer
[ Ceramic 3 and supercapacitors
[capacitors S NS Y
1 V 1 " 11 L L u L dun oo 1 | 111 111 1 |
1 pF 1nF 1 uF 1 mF 1F 1 kF 1 MF

Capacitance

http://upload.wikimedia.org/
wikipedia/commons/9/93/
Kondensatoren-Kap-Versus-Spg-
English.svg
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Capacitor construction

Parallel connection Series connection
* High power * High voltage
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I Equivalent model

I 1. Applications in power inverter
1. Snubber, clamp, resonant, DC-link

I 2. Capacitor technologies
1. Electrochemical, electrolytic, film foil, metalized film

3. Equivalent model
4. Properties and specifications
5. Ageing
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I Equivalent model
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Power losses: Tangent delta

tan o =

3 |Su

d dU
i= —Q =C, ——=0oC U,_cos ot
dt “odt o7
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Simplified models

tano =tan o, +tano, +tano,

Series model
R =0

p

L=0

\/

Parallel model
R —0
L=0

|

—1 R

Z
tand, =—=%=R w C,
VA

i

- http://www.garmanage.com

Rp includes
- dielectric losses
- leakage current
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I Properties and specifications

I 1. Applications in power inverter
1. Snubber, clamp, resonant, DC-link

I 2. Capacitor technologies
1. Electrochemical, electrolytic, film foil, metalized film

3. Equivalent model
4. Properties and specifications

5. Ageing
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Dielectric characteristics

£
— o
= = z & o § o
o > B S g 5 o
2 =3 c o = 7 = -
S ' D 0 0 D ©
= L + = ® o) Z
© - @ S O = = i
— & < 8 k= = o = o
S 5 & § © g £ B 3
3 i 2 L S I O S <
© 0 g 2 G 5 o S ©
= | — | > n O L =
PP 2.2 5 640 10M8 510M3 105
PET 3.3 25 570 10M7 10M4 CTI225 VIM-2 125
PEN 2.9 20 600 10M7 VIM-2 137
PPS 2.9 10 300 10M6 10M7 CTI100 VIM-0 200
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Polypropylene temperature

characteristics
. Variation Epsi (T)

. Variation Tg (T)

. Insulation resistance

103

104

55 -40 20 0 20 40 &0 80

T C

- http://www.garmanage.com

100

AC/C %)

o

-6
-55 -40 -20 0 20 40 60 &0 100
T C)
PP film loss factor
2
1.9 ~
? 1.8
RS
8 1.7 \\\/
[ o
D 16
)
E 1.5
14
(0] 50 100 150
Temperature [°C]
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I PET dielectric strength

. Dielectric strength as a function of:

_ the film thickness
— Temperature

—  humidity

Figure 1. Dielectric Strength vs. Thickness Figure 2. Dielectric Strength vs. Temperature [ i i iditi
(2'in Electrode o air gt 25:C LT7-E) Figure 3. Dielectric Strength at Various Humidities
8,000
40,000 10,000
30,000 7,000 |- x = —
0.92 mi r—
- £ 8,000
_ doop E 6000 >
E - > 1
: S ool § 6.000
£ 0000} : 2 mi 5
2 somf £ =
3 ~ & 4,000 |- &
7 6o0f $ o 4,000
7 B L
© g 3.000 [
§ 4000 3 T §
T 300 a 2,000 - 3
(=) o
2,000 = 1,000 - ~
2,000 1 [N N T B B A
o | | | | | 1 2 3 4 5 67 8910
1.000L L ' : — ,I; = 0 25 5 75 100 125 150 Thick: il
Va 2 (32) (71 (122) (167) (212) (257) (302) SR, -
Thickness, mil Temperature, “C (°F)
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—PP —PET

h b N S o ws o,

-60 40 -20 0 20 40 60

]
Capacitance variation [%)]

Temperature [°C]
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PEN

80 100 120 140

28

0.02
0.018
0.016

- 0014

Loss factor

0.012

0.01
0.008
0.006
0.004
0.002

-50

. Variation C and tg (T) main
dielectric used for capacitors

Dielectric temperature dependence

—PP —PET PEN

0 50 100

Temperature [°C]

150
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I Dielectric frequency dependence AC-DC

— PP =—PET PEN -

5
4
3
2
1
0

K

2

3

4

5

r

Capacitance variation [%]

000 10000 100000 1000000

Frequency [Hz]

. Variation C and tg (f)
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I Electric field

Impregnated

E=U/d=180 V/um

- http://www.garmanage.com

E = U/ (d+h) = 180 V/pm

Ec.=U/d =200 V/um
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I Polypropylene PP

I PPR Breakdown voltage
850

800
750

- http://www.garmanage.com

g
i 700
> 650 e - Dry
= 600 = <= Silicone
Fﬂ 550) e Rapseed

200

0 10 20 30 40 50 60 70 80 90100
Temperature [°C]
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AC limitation as a function of the frequency

1000
100
i
g 10 Voltage
]
— cste
e (corona)
[oT4]
(4] 1
% Voltage [Vrms] V const
> 0.1 Voltage [Vrms] P const
Voltage [Vrms] | const
0.01
10 100 1'000 10'000 100'000 1'000'000 10'000'000 100'000'000
Frequency [Hz]
1000
100
w10 Voltage
£ ~§
S
< (corona) /
- 1
c
(<]
= = Current [Arms] V const
= 0.1
O Current [Arms] P const
= Current [Arms] | const
0.01
10 100 1'000 10'000 100'000 1'000'000 10'000'000 100'000'000

Frequency [Hz]
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I Ageing

I 1. Applications in power inverter
1. Snubber, clamp, resonant, DC-link

I 2. Capacitor technologies
1. Electrochemical, electrolytic, film foil, metalized film

3. Equivalent model
4. Properties and specifications
5. Ageing
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Weibull distribution

Survivor function

The Survivor function F(t) is the number of elements
1
of the statistical sample which have not failed or lost ﬁ\\
their function at time t and are still working. g \\
—~ 06
% 04 \\\
0.2
\
0 \
10000 100000 1'000'000 10'000'000
Time [Hours]
Failure rate
The failure rate is given in FIT (Failure In Time) which 1.00E-06
. . . o 9.00E-07
is the number of failures occurring during 10° hours ;e
of working of 1 object. A, is a constant g 1oer
=, 6.00E-07
(independent of time, but dependent on the T 5 o0e.07 7
temperature and voltage) which corresponds to the  § %=~ /’
L 3.00E-07
inverse of the time necessary for 63 % of the sample & ;e ///
- 1.00E-07 ——
tO fall. 0.00E+00~;-—
10'000 100'000 1'000'000
Time [Hours]
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Example

Initial batch of 50 capacitor samples
The Failure in % is represented in a Weibull graphic which is a Log(Log(1/F(t)))

function as a function of Log(t).

t [s] N * F(t) Log(Log(1/F(t))) ] p= 3
1" 50 -9.0037887 Failures 1.5 Un 85°C 1/h, = 400

1137 49 -2.0568061 99.9,
1497 48 -1.7513214 99 |
184" 47 -1.5706976 90
1877 46 -1.4411454
200" 45 -1.3395378 = 20

r N
209 44 -1.2555714 oY,
219" 43 -1.1837484 O

r = 10
242 42 -1.1207853 =
256" 41 -1.0645625 =

LL
1
//
/
//
0.1 T I/\II\II\ T T T T T TTT7 T T T 1T T 17T
10 100 1000 10000

- http://www.garmanage.com 35 08.05.2014



Acceleration factor: temperature

Failure [%o]

100000

Time [Hours]
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I Acceleration factors: temperature, humidity

I * Temperature

Ea 1 1 xponential law
I t(T) ~ an CXp k T - T I(_fA\r?heniuts Ilalw)
B n
* Humidity
RH \"
t(RH) = an( - ) Power law
RH (Hallberg-Peck law)
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I Acceleration factors: voltage

I  Voltage inverse power law

—nNn

I U
ZL=Z‘un o
U

n

* Voltage exponential law

U-U,
U

n

=1 CXp|l—-«
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Temperature and voltage derating

Lifetime expectancy — typical curve

1.3
1.2
.
s 70 °C
11 -
‘\
< 1.0
I 85 °C .
- -
.~
2 \ L
£0.9 SN ~
N .
.~
0.8 S
~
I S N u\ 4 + 4 4 .
105 °C e
0.6 N \
0.5 S A

10° 10% 10° 10°
Lifetime expectancy (h)

. Vishay MKP
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Life expectancy (typical curve)

1.50 ¢
1.40 1
1.30
1.20 4
1.10 1
1.00
0.90

\\
0.80 4
0.70 1 \
0.60 \\ \\ \\
. . . ‘ ‘ \\ NN N
100000

1000 10000 1000000

U/U, peqd

Lifetime expectancy (h)

=——T70°C =——85°C ——90°C 95¢C ==—100"C =——105C

Note: Confidence level of 75%

. Epcos-TDK MKP
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Acceleration factor: voltage

99.9 99.9
—~y- 15,5 kV 13.6 kY IOk o
9.0 . ° L
. 30.0 — S y 0.0
2 eo.g 5 -~ = 60.0 ® 4
< 420.0| = 0.
z 0.9 ; : = 20.0 /
g 1.0 ° g 1000056k ] ¥
& 5o T 5.0 N LT 11.0 kv
2.0 2.0
1.0 1.0
00 1,000 10,000 100,000 0 TOu T.000 10,000
Time (zec) Tine {sec)
. Figure 4.
igure 3. Weibul! plots for timea to hreakdown under de
Weibull plots for times to breakdown under de stress at 70°C.
sireas at 23°C.
99,9
. =
& 0.0
= 0.0
=
~ 20.0
. . . . . w 10.0 V
Cygan et al.: Lifetime of Films under Combined g
Stresses , IEEE Transactions on Electrical o ; ‘
Insulation , vol. 24 No. 4, August 1989, p. 619 1.0
10 100 1,000 10,000
Tre {sec) Figure 5.

Weibull plots for times to breakdown under dc
siress al 90°C,
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Failure modes

Corrosion

3 > 2
ey =
R 3 -.

> =8

* Selfhealing

A
S
s

e Corona
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